Exergy analyses provide to investigate the available work performance of thermal cycles. In this study, exergy analyses have been conducted for the conventional micro-cogeneration system and the Liquefied Natural Gas (LNG) cold utilized micro cogeneration system, respectively to detect exergy destruction and loss ratios which are related to second law analyses. In the LNG cold utilized micro-cogeneration system, the exhausted gas of micro turbine is supplied to the LNG vaporizer to change the phase of LNG from liquid to gas. Due to fact that exergy destruction and loss rates, exergetic efficiency decreases with the ambient air temperature increment by nearly 28%. Owing to the application of exhausted gas in the LNG vaporizer in the LNG cold utilized micro-cogeneration system, the exergy loss ratio decreases by approximately 81% when it is compared to the conventional micro-cogeneration system. At the same time, the exhausted gas temperature decreases nearly 2.93 K. Exergy destruction ratio is another evaluation criterion for exergy analyses and it is seen that the combustion chamber had a significant impact on the overall exergetic performance of both systems. The minimum exergy destruction rate belongs to the LNG pump and also the LNG vaporizer does not have a significant exergy destruction ratio.
Introduction
Exergy is a thermodynamic definition that includes entropy related terms so that it is possible to calculate the maximum available work by using exergy analyses instead of energy analyses [1, 2] . Up to now, exergy analyses have been applied to some gas turbine based LNG cold utilization systems at different power generation capacities which were large scale power generation systems [3] [4] [5] . Exergy destruction and loss can be detected easily by using the exergy analysis that allows determining the key components to increase overall efficiency. In this paper, exergy analyses of the conventional microcogeneration system and the LNG cold utilized micro-cogeneration system are investigated.
Modeling
The simplified schematic is presented in Fig 1(a, b) for the conventional micro-cogeneration system and the LNG cold utilized micro-cogeneration system, respectively. Streams 1 and 2 denote the LNG in the atmospheric condition and the LNG pump outlet, respectively. Stream 3 is the vaporized natural gas. Stream 4 is the ambient air and the stream 5 is the compressed air after the compression process. The compressed air is also heated by the exhausted gas (stream 8) and it enters to the combustion chamber as stream 6. Streams 7 and 9 are the combustor and recuperator outlets, respectively. Stream 10 is the exhausted gas from the cogeneration system to the environment. The water enters to the heat exchanger as stream 11 and leaves as hot water, stream 12. The conventional micro-cogeneration system includes a compressor, a recuperator, a combustion chamber, coupled gas turbine/generator and a heat exchanger. The micro-cogeneration system has 30 kW capacity and its design is based on Capstone C30 model. For the conventional system, natural gas is supplied to the combustion chamber and it is burnt with the air which comes from the recuperator. The supplied air first compressed in the compressor and its pressure is increased and then it is heated by the exhausted gas of micro turbine in the recuperator. Gas turbine and generator couple produced electricity by using high pressure gas mixture. The heat exchanger is used to producing hot water. In Fig 1b, LNG cold utilization components are integrated to the conventional micro cogeneration system. LNG is at atmospheric conditions in the LNG tank and it is pressurized by the LNG pump before sent to the LNG vaporizer. LNG is vaporized by using the exhausted heat of gas mixtures from the micro-cogeneration system.
Bejan et al. [6] proposed exergy analysis model for gas turbine cogeneration system. For the conventional micro cogeneration case, the proposed method is applied. In this method, chemical and physical exergies are considered while kinetic, potential and radiation exergy terms are neglected. The specific physical and chemical exergy definitions are presented in Eqs. (1) and (2), respectively.
(1) (2) where and are the specific physical and chemical exergy definitions, respectively, and denote the specific enthalpy and the specific entropy of the stream at corresponding temperature and pressure, and are the specific enthalpy and the specific entropy of the dead state, is the dead state temperature that is also equal to ambient air temperature. In Eq. (2), and are the molar fraction and the standard molar chemical exergy of chemical contents of the air and product gas, is the universal gas constant. Due to fact that both systems include combustion in the combustion chamber, enthalpy of formation and absolute entropy are also considered in the calculations of specific enthalpy and specific entropy of. For the exergy analyses of LNG cold utilization components, Morosuk and Tsatsaronis' proposed method [7] are performed in the LNG pump and the LNG vaporizer. They proposed to divide the specific physical exergy into two components as thermal and mechanical to see the accurate exergetic performances of the LNG pump and the LNG vaporizer. It is known that LNG enters to the vaporizer as cryogenic liquid and exits as vaporized natural gas which means inlet side of the LNG vaporizer is below 0 o C while the outlet side is above 0 o C. Thus, thermal and mechanical components show different behaviors. By calculating these two components separately, exergetic investigations become more accurate. The specific thermal and the specific mechanical components of the physical exergy are shown in Eqs. (3) and (4). (3) (4) where and denote the thermal component and the mechanical component of the specific physical exergy. Total exergy rate of the stream is found by multiplying the molar flow rate of the stream with its summarized specific exergy values in Eq. (5). (5) After the exergy rate calculation of the stream, exergetic performances of the system components are performed. According to the second law of thermodynamics, each thermal process produced entropy which means some amount of the exergy is destructed during the energy transfer. Moreover, if the thermal system has any heat loss, exergy loss is also occurred. Thus, it is known that the produced exergy is always smaller than the supplied exergy. The produced and the supplied energy are known as the product exergy and the fuel exergy, respectively. The exergy balance equation for the thermal system is written as Eq. (6). (6) where , , and are exergy of the fuel, exergy of the product, the exergy destruction, and the exergy loss, respectively. By using these terms, exergy analyses of mentioned these two systems are conducted according to three parameters as exergetic efficiency, exergy loss and exergy destruction ratio. Exergetic efficiency and exergy destruction ratio terms are defined in Eq. (7) and (8), respectively. (7) (8) where is exergy destruction ratio of the system component, is exergy destruction rate of the system component, and is the total fuel exergy rate of overall cycle. The exergetic efficiency and the exergy destruction ratio can also be calculated for the overall cycle.
Results and Discussions
As mentioned in Section 2, the heat transfer in the LNG vaporizer affects the thermal component and the mechanical component of the specific physical exergy. Fig. 2(a,b) presents the behaviors of these components at streams 2 and 3, respectively. The presented data is calculated at compressor pressure ratio 3.64 that is the actual pressure ratio of the micro gas turbine system in the real life applications. Moreover, the vaporized gas calculations are done according to 298.15K temperature. It is seen that the thermal component of the physical exergy increases in stream 2 while it decreases in stream 3 by the rising of ambient air temperature. Also, the thermal component of the specific physical exergy drops dramatically during the phase change in LNG vaporizer. These results prove that LNG vaporizer provides to thermal component usage of the physical exergy of the LNG while expansion systems such as a turbine, etc. provide only the mechanical component usage of the specific physical exergy. Overall exergetic performance can be seen in Fig. 3 with the related energetic efficiency. When it is compared to the energetic efficiency, exergetic efficiency shows a contrary trend. It decreases nearly by 28% while the energetic efficiency increases more than 8.5%. Exergy destruction and loss rates are the main reason for this contrary situation. Due to fact that the energy efficiency does not include destruction and loss terms, the effect of these two terms are only seen in exergy efficiency terms. The exergy loss shows the useful exergy that could not be evaluated in the system. Fig. 4 presents the exergy loss and exhausted gas mixture temperature from the system together according to various ambient air temperatures. As it can be obtained from Fig. 4 , exergy loss rate decreases by the rising of ambient air temperature in both cases. However, it is also significant to know that the exergy loss rate drops dramatically when exhausted gas is applied to the LNG vaporizer for LNG cold utilization. The decrement is nearly 81% with the ambient air temperature range between 288.15 K and 313.15 K. Beside exergy loss rate, the outlet temperature of the exhausted gas also changes. Due to fact that the exhausted gas is applied to the LNG vaporizer, the outlet temperature is approximately decreased 2.93 K when it is compared to the exhausted gas temperature of the conventional micro-cogeneration system. Lastly, exergy destruction ratios of system components are investigated and the results are shown in As seen in Fig. 5 , the LNG pump has the lowest exergy destruction ratio and it is followed by the compressor. In both components, exergy destruction ratio increase with the ambient air temperature increment but values are not significant for the evaluation of overall system. The exergy destruction ratio of the LNG vaporizer is nearly the same in various ambient air temperatures and the mean value is nearly 2.24%. The heat exchanger and the gas turbine have positive trends while the exergy destruction ratio of the recuperator decreases by the rising of ambient air temperature. Mean values are less than 5% in the gas turbine and the recuperator. However, the heat exchanger has the second highest exergy destruction ratio. Beside all these component analyses, the combustion chamber is the most significant component due to its dramatically high exergy destruction ratio. For various ambient air temperatures, it is seen that the exergy destruction ratio has its maximum points at 303.15 K. The mean exergy destruction ratio is 21.18% and it is showed that combustion chamber is the most important component to increase exergetic efficiency of the LNG cold utilized micro cogeneration system. By the exergy analyses of this system, it is learned that the LNG vaporizer and the LNG pump do not significantly affect the overall gas turbine system and the combustion chamber is still the most crucial component from the point of the exergy destruction and the exergetic efficiency like in other conventional gas turbine systems.
Conclusions
Two micro cogeneration cycles were defined as a conventional micro-cogeneration system and a LNG cold utilized micro-cogeneration system respectively. The LNG pump and the LNG vaporizer were the components of the LNG cold utilization system that was embedded into the conventional microcogeneration system. Exergy analyses were applied to these two cycles and they were investigated according to three parameters as exergetic efficiency, exergy loss rate, and exergy destruction ratio, respectively. It is seen that exergetic efficiency of both cycles were nearly the same and they decreased by 28% with ambient air temperature increment. These trends were contrary to the energy efficiency trends according to ambient air temperature parameters. The conventional micro-cogeneration system had higher exergy loss rate than the LNG cold utilized micro-cogeneration system due to fact that exhausted gas from the micro turbine was used in LNG vaporizer in the LNG cold utilized system. Therefore, the exergy loss ratio was decreased by 81%. Besides, the outlet temperature of exhausted gas was dropped nearly 2.93 K. Combustion chamber had the highest exergy destruction ratio with meanly 20% rate. It is suggested that improvement studies must be mainly based on combustion chamber to decrease exergy destruction and increase exergetic efficiency. Moreover, it is seen that LNG vaporizer and LNG pump did not have a significant impact on exergy destruction ratio.
